The extracellular proteinase (EPR) of Ctadidiz d b~~ was induced in a medium containing bovine serum albumin as sole nitrogen source. There were two intracellular forms in cells induced to produce EPR, a 43 kDa protein (EPR) and a 45kDa protein (cross-reacting material of EPR; CRM-EPR); these were detected by h d o t t h g Using anti-EPR antiserum. The 43 kDa protein (EPR) may be the same as the extracellular form judging by molecular mass, a d the 45 kDa protein (CRM-EPR) may be a precursor form of EPR. Many dense granules were observed by electron microscopy near the plasma membrane of the mother cells in EPR-producing cells. Both the 43 and 45 kDa proteins were recovered in a membrane fraction and were solubilized by Triton X-100. When the membrane fraction was further fractionated by sucrose d d t y gradient centrifugation, the 43 and 45 kDa proteins were differentially fractionated. This suggests that they were located in Merent membranebound structures and is consistent with an assumption that the 45 kDa protein is a preclvsor for EPR.
Introduction
In common with many fungal species, Candida albicans, a medically important yeast and opportunistic pathogen, secretes a proteinase (for review see Odds, 1988) . This secreted proteinase is thought to be a factor in virulence, a view supported by experiments on mice infected with proteinase-deficient strains KwonChung et al., 1985; MacDonald & Odds, 1983; Mori et al., 1989; Ross et al., 1990; Staib, 1969) . However, the enzyme appears to act not as a virulence factor per se but rather assists propagation of the fungus in the host. The role of the proteinase is reported to include (i) assisting invasion by degradation of skin or mucosa (Borg & Ruchel, 1988; Kaminishi et al., 1988; (Ghannoum & Elteen, 1986; MacDonald & Odds, 1983; Ruchel, 1984; Ruche1 et al., 1986) , and (iii) supplying nutrients by digestion of proteins (MacDonald, 1984; Shimizu et al., 1987) . The extracellular proteinase (EPR) of C. albicans is an aspartic proteinase with a molecular mass of 43 kDa (Remold et al., 1968; Shimizu et al., 1987) . Enzyme production is induced in minimal media containing proteins as sole nitrogen source but not by low molecular mass nitrogen sources (Crandall & Edwards, 1987; Ross et al., 1990; Shimizu et al., 1987) . In addition, glucose stimulates its production (Samaranayake et al., 1984) .
Studies on EPR have focussed on its virulence role without attention to the secretory pathway and intracellular forms have not been described. In this study, we examined some basic biological aspects of EPR in C.
albicans. An assay system was developed to detect intracellular forms of the enzyme and its localization was investigated.
Preparation of anti-EPR serum. Purification of EPR was carried out as described by Shimizu et al. (1987) . The purified EPR (1 mg) was run on an SDS-PAGE gel (to give a single band) to separate it from invisible contaminants. The gel was stained with 0.1 % CBB-R250, washed with water, and the stained band was cut from the gel. The gel piece was blended in 0.9% NaCl with a Teflon homogenizer. One-third of the homogenate was emulsified in Freund's complete adjuvant and injected intramuscularly into a rabbit. The same amount of a booster injection was given into the back 2 weeks later, and after an additional week, another booster of the remaining homogenate without adjuvant was injected into the back. The rabbit was bled 1 week after the third injection to obtain serum.
Immunoblotting. After components were separated by SDS-PAGE, the proteins or the other substances were transferred onto nitrocellulose sheets (Schleicher & Schuell) or Immobilon sheets (Millipore) by the method of Howe & Hershey (1985) . Non-specific sites on the blotted sheets were blocked by incubating for 15 rnin at room temperature in 3% (w/v) skimmed milk in TBS (20 mM-Tris/HCl, pH 7.8; 0.5 MNaCl). The blocked blots were immersed in specific antiserum diluted 1 : 1000 in 1 % skimmed milk in TBS and incubated for 6 h or overnight with gentle shaking, and then washed in 1 % skimmed milk in TBS four times (20 rnin each wash). The sheets were incubated with an affinitypurified anti-rabbit IgG antibody conjugated with horseradish peroxidase (HRP; Bio-Rad) or alkaline phosphates (AP; Promega) diluted 1 : 2500 in 1 % skimmed milk in TBS for 5 h, washing four times in 1 % skimmed milk in TBS (5 min each wash), and adding the appropriate substrate. For HRP, the sheets were incubated in a mixture of 50 ml TBS containing 0.03ml 30% (v/v) hydrogen peroxide and 10ml methanol containing 30 mg 4-chloro-1-naphthol (Nakarai tesque Co.). For AP, the sheets were incubated in a mixture of 5ml AP buffer (100 mM-Tris/HCl, pH 9.5; 100 mM-NaC1; 5 mM-MgC12) containing 0.033 ml NBT solution (50 mg nitro blue tetrazolium ml-* in 70% dimethylformamide) and 0.0165 ml BCIP solution (50 mg 5-bromo-4-chloro-3-indolyl-phosphate ml-1 in dimethylformamide).
Induction of EPR.
Cells were grown to exponential phase (OD660 of about 1.0) in YPD broth containing 1-1 % (w/v) Casamino acids (Difco) with shaking at 37 "C, collected by centrifugation, resuspended in the original culture volume of EPR induction medium, and incubated with shaking at 37°C. At various times, the cells were sedimented by centrifugation, and the resultant supernatant fluid and the pelleted cells (resuspended in lOmM-NaN, to give an OD660 of 30) analysed by immunoblotting for extracellular and intracellular fractions, respectively.
Fractionation of EPR-producing cells. Cell fractionation was carried out by the method of Goud et al. (1988) with the following modifications. Strain C9 was grown to stationary phase in YPD broth with shaking at 37 "C. The culture was diluted 1 :lo0 with EPR induction medium (2 I), allowed to grow to late exponential phase (OD660 of about 1.5) and the cells were pelleted by centrifugation. The cells were washed twice with cold 10 mM-NaN3, suspended in 40 ml 50 mM-potassium phosphate buffer (pH 7-5) containing 1-4 M-sorbitol, and 20mg Zymolyase l00T (Seikagaku Kogyo) and 0.24ml 2-mercaptoethanol were added to the suspension. After incubation at 37 "C for 30 min without shaking, the resulting spheroplasts were collected by centrifugation at 10000g for 20 min, and suspended in 10 ml 10 mM-triethanolamine (pH 7-2) containing 0.8 M-sorbitol and 1 mM-EDTA. The suspension was homogenized by 20 strokes in a glass tissue grinder, and centrifuged at 1OOOOg for 20 rnin to sediment unbroken spheroplasts and cell debris. This breakage procedure was repeated three times and the pooled supernatant fluids were centrifuged at 10000g for 20 min. The resulting pooled supernatant fluids were centrifuged at l0000Og for 90 min. The resulting supernatant fluid and pellet contained mainly cytoplasmic materials and membrane components, respectively. The pellet was suspended in 10 ml 10 mtriethanolamine containing 0.8 M-sorbitol and 1 mhi-EDTA. A part of the suspension was layered on a 5-30% linear sucrose gradient in 10 mM-triethanolamine (pH 7-2) containing 0.8 M-sorbitol and 1 mhi-EDTA, and centrifuged for 2 h at 25000 r.p.m. (Beckman SW41 rotor). The gradient was collected in 0.5 ml fractions from the bottom of the tube.
Electron microscopy. To observe the ultrastructure of cells, freeze substitution electron microscopy was used as described previously (Tanaka & Kanbe, 1986) , except propane was used as the cryogen. Cells incubated in EPR induction or control medium were collected by centrifugation for 10 min at 1500 g. A small amount of the cells was placed on copper grids by dipping the grids in the pellet, and immediately plunging the grids into liquid propane pre-cooled with liquid nitrogen to -180 to -185 "C. The frozen samples were transferred to a substitution fluid of anhydrous acetone containing 2% (w/v) OsO, and 0-05 % uranyl acetate, maintained at -79 "C with dryice/acetone. After 48 h, the samples were transferred to -30 "C for 3-4 h, then 4 "C for 1-1-5 h, and finally to room temperature for 30 min. They were rinsed four times with anhydrous acetone, embedded in Epon-Araldite, and polymerized at 60 "C for 48 h. Thin sections, obtained by use of a Reichert Ultracut OmU4 microtome equipped with a diamond knife, were stained with uranyl acetate and lead citrate. The sections were observed in a JEOL l00SX transmission electron microscope operating at 80 kV.
Detection of intracellular EPR
Cells were grown to exponential phase in rich medium (YPD broth containing 1.1% Casamino acids) and transferred to EPR induction medium or control medium. After various incubation times, cells were harvested and proteins were solubilized by boiling in TDG buffer containing 2-mercaptoethanol for SDS-PAGE. EPR was detected by immunoblotting using an anti-EPR antibody. Two distinct protein bands were detected in cells incubated in the induction medium (Fig.  1, lane 3) but not from pre-induced cells or control cells incubated in non-induction medium (Fig. 1, lanes 1 and  2) . The bands were detected within a 15 min induction and the amount of enzyme appeared to increase with incubation time up to about 2 h. The lower band had the same mobility as the band of 43 kDa EPR which was purified from culture medium (Fig. 2) . Based on the cross-reactivity against the anti-EPR antiserum and the molecular size, the intracellular 43 kDa protein was After EPR was induced, as in Fig. 1 , the culture medium (lane 1) and the cells (lane 2) were analysed by electrophoresis, and immunoblotting was performed using an affinity-purified anti-EPR antibody.
thought to be the same form as EPR. The upper band size estimated in an SDS-PAGE gel was 2 kDa larger than EPR, and it was not detected in the culture medium (Fig. 2) . We tentatively called it cross-reacting material of EPR (CRM-EPR). Two bands above the position of the CRM-EPR band, which were detected by using anti-EPR serum, were also detected by preimmune serum (data not shown) and in the non-induced cells (Fig. 1 , , and proteins were analysed by electrophoresis followed by CBB-R250 staining (a) and immunoblotting using anti-EPR antiserum (b). Molecular mass markers are indicated.
lanes 1 and 2), but were not dectected by an affinitypurified antibody (Fig. 2) . Thus the reactions of these two bands were not specific for anti-EPR antibody.
Membrane-associated form of EPR and CRM-EPR
Spheroplasts were lysed and fractionated into cytoplasmic and membrane fractions by differential centrifugation. Proteins were differentially detected between the two fractions by CBB-R250 staining (Fig. 3a) . By immunoblotting of the SDS-PAGE gel, CRM-EPR was detected primarily in the membrane fraction, and EPR was found in both cytoplasmic and membrane fractions (Fig. 3b) . In order to examine whether EPR and CRM-EPR were actually associated with membranes, experidents were done as follows. Proteinase accessibility of EPR and CRM-EPR in the membrane fraction was tested. The membrane fraction was incubated with Proteinase K. CRM-EPR was resistant to the proteinase in the absence of Triton X-100, but it was digested in the presence of Triton X-100 (Fig.  4) . This shows that CRM-EPR is protected from proteinase K by a structure which is solubilized by Triton X-100. On the other hand, this treatment did not affect EPR. It seems that EPR by itself was resistant to added proteinases because purified extracellular EPR was not digested at all by either Proteinase K or trypsin (data not shown), and neither was the intracellular EPR digested by Proteinase K, with or without Triton X-100 (Fig. 4) . It is worth noting that the density of a band running just ahead of EPR was increased during the CRM-EPR digestion (Fig. 4) . This indicates that CRM-EPR might be processed although it is not converted completely to EPR. The membrane fraction was treated with Triton X-100, and centrifuged at high speed (Fig. 5) . At 0.1% Triton X-100, EPR and CRM-EPR were almost absent from the pellet, but appeared in the supernatant fluid. It is probable that the membrane structure was solubilized by Triton X-100 and that EPR and CRM-EPR associated with the membrane were also solubilized. About onethird of the EPR was detected in the supernatant fluid even in the control without Triton X-100. This would be explained if EPR were not anchored to the membrane structure but was released as a result of mechanical damage to membranes or vesicles when the membrane fraction pellet was suspended in the buffer. A band running just above CRM-EPR was detected immunologically in the concentrated membrane fraction. This might be a prepro form of EPR, or a modified form of CRM-EPR or EPR.
Membrane fractionation
The membrane fraction was further fractionated by sucrose density gradient centrifugation (Fig. 6) . The majority of proteins remained in the top fractions (Fig.  6 b, fractions 20-23) . Fractions 22 and 16 were estimated to contain the highest amounts of EPR by the band densities though EPR was detected in all fractions (Fig. 6a ). Fractions 17 and 18 contained the greatest amount of CRM-EPR. The peak fraction of CRM-EPR was one or two fractions after the second peak fraction of EPR. This order of fractionation was reproducible and suggests that EPR and CRM-EPR were located in different membrane structures. A fairly large amount of EPR with the first peak was also detected in the top fractions. EPR in the top fractions seems to correspond to EPR released from membrane structures (see above).
Several proteins detected by CBB-R250 staining were co-purified with EPR or CRM-EPR and they might reside in the same membrane structures (Fig. 6b) . It is noteworthy that a protein, detected by anti-EPR antibody which ran just above CRM-EPR, was copurified with CRM-EPR (Fig. 6a) .
Ultrastructure of the EPR-induced cell
Cells cultured in EPR induction medium had electrondense granules in the cytoplasm. These granules were scarce at 30 min after induction, and gradually increased with the incubation time. At 2 h after induction, many granules were observed near the plasma membrane of the mother cells but fewer in daughter cells (Fig. 7b) . At 4 h, the granules were observed throughout the cytoplasm (data not shown). There were few granules but these tended to increase in number with the incubation time in EPR non-producing cells (Fig. 7a) . Ultrastructural morphology of dictyosome, mitochondrion, nucleus and vacuole were not markedly different between the producing and non-producing cells. However, vacuoles were more developed and numerous in EPR-producing cells than in non-producing cells.
Discussion
C. albicans is able to grow in a medium which contains as sole nitrogen source a protein which is digested by EPR. We developed an EPR induction system which yielded EPR within 1 h of induction. Cells were grown to exponential phase in a rich medium containing Casamino acids which repressed EPR production, then transferred to an EPR induction medium. Two intracellular proteins of 43 and 45 kDa were detected immunologically in EPR-producing cells but not in control cells (Fig. 1) . The 43 kDa protein is thought to be the same form as the extracellular EPR based on its molecular size. The 45 kDa protein, called CRM-EPR, which was not detected in culture medium (Fig. 2) , is thought to be a precursor form of EPR (discussed below).
The cellular locations were estimated by a crude fractionation using ultracentrifugation giving cytoplasmic and membrane fractions. From the following three lines of evidence, EPR and CRM-EPR were deduced to be located in a membrane-bound structure or vesicle in the membrane fraction. First, EPR and CRM-EPR were recovered in a membrane fraction separated by ultracentrifugation (Fig. 3) . Second, CRM-EPR was resistant to proteinases but digested in the presence of Triton X-100 which solubilizes membranes (Fig. 4) . The effect of the detergent on EPR could not be examined because EPR was resistant to the proteinase. Third, when the membrane fraction was treated with Triton X-100, neither EPR nor CRM-EPR were sedimented by ultracentrifugation (Fig. 5) .
During fractionation, EPR was detected in the cytoplasmic as well as the membrane fractions (Fig. 3b) and EPR in the membrane fraction was not completely sedimented again even without Triton X-100 (Fig. 5) . However, CRM-EPR was primarily recovered in the sedimented fraction. The evidence suggests that EPR is not anchored firmly to the membrane structure and is easily released from the structure, as would be expected for a secretory enzyme. In contrast, CRM-EPR is strongly associated with the membrane structures.
In the well-established pathway for secreted proteins (Burgess & Kelly, 1987) , newly synthesized mRNA is transferred from nuclei to cytoplasm and translated on the rough endoplasmic reticulum (ER). The synthesized proteins are delivered into the ER lumen, then transferred by transport vesicles to the Golgi apparatus, where they are sorted into secretory vesicles. The vesicles are transported to the plasma membrane, fuse with the membrane, and the enclosed proteins are released into the extracellular space. If EPR is secreted by a similar pathway, intracellular EPR should be sorted into secretory vesicles. In EPR-producing cells, many dense granules in the size range of secretory vesicles, were observed, mainly in the cytoplasm close to the plasma membrane (Fig. 7) . Vesicles in the general secretory pathway, which probably carry cell wall components and enzymes in the growing cell, are usually observed in budding sites (Baba et al., 1989; Schekman & Novick, 1982) . It would be interesting to determine whether the dense granules are secretory vesicles containing EPR, a question we are trying to answer using immunoelectron microscopy .
From the following lines of information it is likely that CRM-EPR is a precursor form of EPR in the secretory pathway. Lytic enzymes such as proteinases are normally produced as inactive precursors and are activated only at their final destination (Hasilik & Tanner, 1978; Mechler et al., 1982) . Many secretory proteins are produced as a precursor form containing a signal peptide or a sorting signal peptide (Verner & Schatz, 1988) and the amino acid sequence of EPR deduced from its DNA sequence suggests that it is produced in this way (Hube et al., .. 1991). Thus, the membrane structure harbouring CRM-EPR may be the Golgi or ER membranes which precede the secretory vesicles in the secretory pathway. This assumption is consistent with our result that EPR and CRM-EPR seem to be present in different membrane structures because they were not co-purified by sucrose density gradient centrifugation (Fig. 6) .
